The finite-difference time domain and plane-wave expansion methods were used to investigate in detail air-rod-type photonic crystals (PhCs) with ultrahigh-index background materials. Numerical results show that full-angle self-collimations are possible for some frequencies, according to equal-frequency contour analysis. The reflection losses can be reduced and the size of collimated refracted beams can be increased by adding a special interface to the PhC slab.
Introduction
Photonic crystals (PhCs) are artificial materials with periodically modulated permittivity (r), which help us further understand optical behaviors in complex structures and lead to many novel photonic designs in fields of modern optoelectronics. PhCs possess band structure and other optical properties derived from that, which are similar to electronic properties in solid state physics. Moreover, multiple scatterings of light within PhCs make optical propagations show complex optical phenomena, such as negative refractions (NRs) [1] [2] [3] , superprism effects [4] , self-collimation effects [5] , and so on. Notomi suggested that the NRs of PhCs are due to anomalous diffracted waves propagating alongside incident waves as compared with the surface normal [6] . Besides that, it was found that a partial or 'deaf' gap of PhCs leads to selfcollimation effects or canalizations [7] [8] [9] [10] [11] , which dominate refractions inside PhC slabs. However, by carefully tuning the incident angles to the NR angles, we have shown in [12] by numerical simulations that NR behaviors could occur in the partial band gap of a two-dimensional (2D) air-rod array in a low-index background slab. Considering that the NR angle occupies a small portion of the frequencies in the PhCs mentioned above, self-collimation effects are therefore dominant phenomena. Recent studies have shown that selfcollimation effects can be observed in other photonic structures with square lattices, such as propagations of surface waves in structured perfect electric conductor or metal surfaces [13] . There have been reports of designs of photonic devices such as optical routers, multiplexers and polarization splitters incorporating linear defects in PhC structures [14] , based on the mechanisms of self-collimations. There is no doubt that such ultrarefractive properties of PhC structures will play an important role in the next-era optoelectronic systems.
Besides, it is worthy of note that coupling losses when light is incident into PhC slabs are still expected to be reduced. It is known that the coupling losses will lead to reductions of the available coupling angles and coupling efficiencies [15] [16] [17] .
In order to increase the performance, much attention has been devoted to investigating the self-collimation effects with larger acceptance angle and less reflection loss. In this paper, we study kinds of square-lattice PhC slabs with ultrahighindex background materials. We discuss their ultrarefractive properties and propose an appropriate method for reducing the coupling losses. This paper is organized as follows. First, we use the plane-wave expansion (PWE) method to obtain its bands and equal-frequency contours (EFCs); then we use the finite-difference time domain (FDTD) method to exhibit their field distributions. Finally we propose an input interface for reducing reflection losses.
Bands and EFCs
Kinds of 2D air-rod-array PhC slabs with square lattices are considered in the present work (see the inset of figure 1), with = 300.0 (e.g., SiTiO 3 (STO) at low temperatures and at microwave frequencies [18] ) and the radius of the cylinder r = 0.42a, with a being the lattice constant. Only TEpolarized (electric fields aligned along the cylinder axis) modes are considered in the present paper. A standard PWE method with 1681 plane waves was carried out to obtain the band structure and EFCs, and in this paper, we used a reduced frequency normalized by a/λ.
By numerical simulations, we find that the size relation between air EFCs and the corresponding PhC EFCs for a given frequency is more sensitive to the difference of permittivities than that for geometric structures. Figure 1(a) shows several EFCs for the first band of the PhC with ultrahigh-index background materials and they are similar to those of PhCs with low-index materials (not shown here).
It is obvious that the sizes of PhC EFCs for the frequencies considered herein are much larger than those of air EFCs for the corresponding frequencies. This relative size plays an important role in deciding optical behaviors of refracted waves within the PhC slab and in its outgoing side. An ultrahigh-index material was used herein to realize such a comparison between the relative sizes. Additionally, similar EFC structures can be expected in a capacitively loaded wire medium (CLWM) [19] .
Restricted by the conservation of surface-parallel wavevectors on both sides of the interface, wavevectors of refracted Bloch-like waves propagating within the PhC slab are generated by projecting waves vectors of air EFCs into the corresponding ones of PhC EFCs, as shown in figure 1(b). It has been confirmed that the direction of energy velocities v e is consistent with that of group velocities v g (v g = ∂w/∂k) [20] , and the direction of refracted beams is therefore along the gradient direction of the corresponding position in PhC EFCs.
As shown in figure 1(b), since the size of the air EFC is much smaller than that of the PhC EFC, the corresponding portion of the PhC EFC totally depicts a near-zero curvature, which means that all the incident propagating waves are refracted into a collimated beam propagating within the slab. The critical incident angle θ c for self-collimation within the PhC slab therefore equals 180
• , which means that full-angle self-collimations are possible in this situation. The region of this is called the propagating area (white area). Wavevectors of the PhC EFC generated by incident evanescent waves correspond to the evanescent area (gray area) [19] . In addition, there is another indirect way to enlarge the critical incident angle θ c for a PhC slab by sandwiching two PhC slabs having a lower filling ratio but a larger critical angle [21] .
Full-angle self-collimations

The dependence of positions of sources
In order to prove the effects of full-angle self-collimations in such two-dimensional PhC structures based on the analysis of EFCs and band structures, we use the FDTD method to calculate the snapshot of field distributions within the corresponding PhC slabs [22] .
In figure 2 (a), a point source is located in the center of a PhC slab with 40 air holes along each side and the normalized frequency of the emitting light is f = 0.042. The calculated snapshot of the electric field herein exhibits collimated beam propagation along the -M direction, which is in accordance with the wavevector analysis shown in figure 1(b) . Such direction-preferential and diffractionless selfcollimations phenomena reveal the intrinsic highly anisotropic properties of the PhC.
For PhCs with low-index materials, the width of the refracted beam is sensitive to the location of point sources and to the critical incident angle of θ c for parallel propagations [12] , i.e., w = 2d tan(θ c /2), while for the ultrahigh-index PhCs considered herein, θ c equals 180
• , thus making the width of the refracted beams infinite, ideally.
Moreover, it is mentioned above that every wavevector in the air EFCs with frequency f = 0.042 corresponds to one point in the flat part of the corresponding PhC EFC according to the wavevector diagram shown in figure 1(b) . This result reveals that for light incident to the PhC at whatever angle, the generated refracted light propagates along the same direction. This property of a full-angle self-collimation effect may lead to optical collimators of a new type, i.e., full-angle collimators which allow a very wide range of incident angles. The simple configuration of figure 2(a) can also be used to obtain a more precise frequency range where self-collimation effects can take place, and in this case the range that we obtained is from f = 0.040 to 0.046.
However, complex scattering at the interface when coupling incident waves into extended Bloch modes will restrict acceptance ranges of incident angles and frequencies from a point source. The PhC slabs in figures 2(b) and (c) are constructed from 61 columns of air-rod arrays, as shown in the inset of figure 1, and the first column contains 71 air rods. The termination of the interface is along the M direction. In figure 2(b) , a point source emitting light with a frequency of f = 0.042 is placed in the above space (not shown herein) at a distance d = 3a from the first column of the lattice, and the position of the point source in figure 2(c) is d = 9a away from that in figure 4(b) . Obviously, the width of the collimated beam becomes larger when the point source moves farther from the slab interface, which is due to the acceptance angle being restricted by reflection losses at the interface. In addition, it should be noted that the side lobes on both sides of the collimated beam in figure 2(c) are similar to those described in Witzens' paper [23] , since in the present PhC structures there still exist some points along the sides of the corresponding EFCs for f = 0.042 with a v g not exactly perpendicular to the side of the EFC square in figure 1(a) , and thus some of the refracted beams could be deviated from the normal direction. However, as the beam propagates more deeply into the slab, the perfectly collimated components interfere with each other and become more dominant, while the lobes become weaker and finally disappear.
It is known that the intrinsic resonant modes of PhC slabs can be roughly categorized into single-interface resonance and overall resonance ones [24] , and the so-called FabryPerot (FP) mode is an example of the latter. Some kinds of intrinsic resonant effects would lead to enhanced transmission when the incident light propagates in PhC slabs [24] . In addition, since EFCs are circular in air and are nearly square in PhCs as shown in figure 1(b) , the significant mismatches of group velocities and field modes on each side of the interfaces can lead to reflection losses as well, which also lead to a restricted acceptance angle [15, 16] . When d becomes larger, which means that the wavefronts of the EM waves hitting the interface become flatter, more collimated modes in the corresponding PhC EFCs are coupled. Therefore, the width of the self-collimated beam increases with increasing d. In addition, another factor influencing the restricted acceptance angle is that not all the points along the sides of the corresponding EFCs have the v g s which are exactly perpendicular to the side of the EFC square.
The dependence of the interface: the adiabatic matching array interface versus truncation of the first-column interface
In order to reduce the reflection losses, the interfaces of PhC slabs are modified to increase the coupling efficiencies. In the present work, we conduct numerical simulations for two cases: PhC slabs with adiabatic matching array (AMA) interfaces, also called graded PhCs [25] , and PhC slabs with truncation of the first-column interface (TFC interfaces) [17] . After numerical comparisons, it was found that the latter are a better choice for increasing transmission efficiencies of light.
As shown in figure 3 , the AMA interface has the same lattice as that of the PhC except for the linearly decreased radius of the air rods. Numerical results show that such structures could efficiently increase the coupling efficiencies of light incident into PhC slabs at some frequencies, due to the fact that the mismatches could be reduced by the gradually changing AMA interfaces. In figure 4 , we use a PhC slab like that in figure 2(c) , except that zero, two, four and eight air array AMA interfaces are introduced in figures 4(a)-(d) respectively. The AMA structure has the same lattice but different radius as compared with the PhC slab, e.g., the AMA radius is changing from r = 0.37a to 0.02a, spaced by r = 0.05a, in figure 4(d) . A point source emitting light with f = 0.042 is placed at a distance d = 13a from the first left column of the PhC slab.
The calculated snapshots of field distributions in figure 4 are normalized by the largest value of the respective averaged field distribution. As shown in figure 4 , the collimated beam propagating within the PhC slab can be optimized by adding the AMA interface, since the uniformity and volume of the collimated beam are improved by adding more adiabatic matching arrays. Moreover, it is obvious that two side lobes are symmetrically generated on both sides of the central beam in figures 4(c) and (d), and that the two lobe beams are enhanced and collimated by the AMA interface. Since adding more AMA layers leads to more decrease of the mismatches of group velocities and field modes on each side of the interface, the side lobes are subsequently enhanced more strongly as compared to the central beam.
In order to perform a quantitative comparison in detail for the increase of the transmissions caused by special kinds of interfaces, PhC slabs with ridge-type waveguides on both sides were studied, and therefore a waveguide source is used instead of the point source in the above discussions, which means that the incident wavevectors are limited to a narrow range. The size of the PhC lattice is 41 layers along the M direction and 139 layers along the X direction. Moreover, the width of the ridge waveguide is chosen to be L = 3a, and thus there is only one guide mode propagating within the waveguide. The total configuration of the waveguide-PhC structure is shown in figure 5(a) . Figure 5(b) shows the snapshot of the field distribution for a PhC slab without any special interface, and the normalized frequency of the emitted light is f = 0.042. The self-collimation effect is obvious in figure 5(b) , and similar field distributions appear for similar light sources within other kinds of waveguide-PhC slabs with special interfaces (not shown here).
After a series of FDTD simulations, transmission efficiencies for AMA and TFC interfaces were calculated and the results are shown in figure 6 . From figure 6 , we find that the transmissions for TFC interfaces are maximum when the normalized frequency fulfils the condition, i.e., f > 0.041 45, which means that the TFC interface is a better choice for increasing the coupling efficiencies. Additionally, one should note that the two-layer AMA interface can lead to higher transmission efficiencies at some frequencies compared with those for the PhC slab without any special interface. In particular, the normalized transmission efficiencies at f = 0.042 for PhC slabs without any special interface, two-and four-layer AMA interfaces and TFC interfaces are 30.9%, 43.7%, 25.2% and 64.1% respectively.
Conclusions
In this paper, we present band and EFC analysis of air-rod-type PhCs with ultrahigh-index background material. By numerical simulations, we find that the sizes of EFCs in PhC regions are much larger than those in air regions. On the basis of the theoretical analysis of EFCs, we find that full-angle selfcollimation effects are theoretically possible in this situation. We present numerical calculations for a point source located within a PhC slab with finite size and in its ingoing region, and find that the refracted phenomena are collimated whatever the incident angle, which means that negative refractions are impossible for such PhC slabs. The reflection losses and restricted ranges of inclination angles are partly attributable to low coupling efficiencies when light is incident into a interface with a high-index contrast. We present numerical comparisons between AMA interfaces and TFC interfaces, and find that the latter are a better choice for constructing a PhC slab with more transmissions.
